• The thalamus hemorrhagic mice exhibit hyperalgesia phenomena.
occurs in thalamic regions. Clinical treatment of central post-stroke pain, including medications such as opioids, is often ineffective and/or has potential side effects (Gonzales, 1995; Nicholson, 2004) . Understanding the cause of hemorrhagic-induced thalamic pain may provide a new avenue for the management of this disorder.
A numerous amount of animal experiments as well as clinical studies have shown that brain injury caused by stroke involves complex pathophysiological processes, including inflammatory damage (Kuan et al., 2015) , abnormal microglia activation (Zhao et al., 2015) , apoptosis and neurovascular damage (Wei et al., 2013) , blood-brain barrier damage (Zeynalov et al., 2017) , oxidative stress (Anderson et al., 2013) and the generation of free radical (Kikuchi et al., 2013) . It is well documented that ischemia and hemorrhage immediately lead to sustained activation of excitatory N-methyl-D-aspartate (NMDA) receptors, and subsequently cause excessive activation of downstream effectors, including neuronal nitric oxide synthase (nNOS) (Khan et al., 2015) . Overproduction of nitric oxide (NO) is thought to promote cell death and brain damage (Hara et al., 1996; Huang et al., 1994) . The protein postsynaptic density protein-95 (PSD-95), also known as SAP-90 (synapse-associated protein 90), is one of a growing superfamily of PDZdomain-containing proteins at central synapses. The PDZ domains of PSD-95 bind to NMDA receptor subunits NR2A and NR2B on its COOHterminus tSXV motif, as well as to the PDZ domain of nNOS (Brenman et al., 1996; Christopherson et al., 1999; Kornau et al., 1995) . Brain PSD-95 is required for excessive NMDA receptor activation-induced abnormal production of NO, therefore, neurotoxicity under stroke conditions (Aarts et al., 2002; Sattler et al., 1999) . Disrupting the interaction between nNOS and PSD95 in the brain inhibited neurotoxic NO production and protected neurons from excitotoxicity and ischemic stroke (Zhou et al., 2010; Hu et al., 2013; Wu et al., 2014; Mo et al., 2016; Lin et al., 2018; Luo et al., 2014; Wang et al., 2017) . PSD-95 is also required for NMDA receptor-mediated thermal hyperalgesia and nerve injury-induced neuropathic pain at the spinal cord level (Tao et al., 2000 (Tao et al., , 2001 . Perturbing the interaction between nNOS and PSD95 alleviated acute thermal hyperalgesia, formalin-induced nociceptive behaviors and inflammation-/nerve injury-induced pain hypersensitivity (Florio et al., 2009; Carey et al., 2017; Lee et al., 2015) . However, whether or not PSD-95 and its interaction with nNOS participate in ischemia-or hemorrhage-induced thalamic pain is unknown. Like NMDA receptor antagonists, blocking PSD-95 expression may be impractical in a clinical setting, as both PSD-95 and NMDA receptors are widely expressed in the central nervous system and participate in many processes, including several forms of learning and memory (28; 29) . Directly targeting PSD-95 and NMDA receptors may produce adverse effects such as memory impairment, psychotomimetic effects, and ataxia (Chizh and Headley, 2005; Parsons, 2001) . In contrast, targeting interaction of PSD-95 with nNOS may serve as a promising strategy in hemorrhage-induced thalamic pain, perhaps without major side effects since normal expression and function of NMDA receptors and PSD-95 are maintained (Zhou et al., 2010) .
In the present study, we first characterized a mouse model of hemorrhage-induced thalamic pain by microinjection of type IV collagenase (Coll IV) into unilateral ventral posterior medial nuclei (VPM) and ventral posterior lateral nuclei (VPL) of the thalamus. We then examined whether intraperitoneal (i.p.) administration of ZL006, a small molecular inhibitor of the PSD-95-nNOS interaction to easily cross the blood-brain barrier (Florio et al., 2009; Zhou et al., 2010) , affected hemorrhage-induced thalamic pain. Finally, we investigated whether the ZL006's effect was mediated by disrupting the PSD-95-nNOS interaction and blocking membrane translocation of nNOS in the thalamus.
Methods

Animal preparations
CD1 male mice (7-8 weeks) were obtained from Charles River Laboratories (Wilmington, MA). All mice were housed in an animal facility and kept in a standard 12-h light/dark cycle, with free access to standard laboratory water and food pellets. Animal experiments were conducted with the approval of the Animal Care and Use Committee at New Jersey Medical School (Rutgers IACUC Approval #17003) and all the experiments were performed in accordance with the ethical guidelines of the US National Institutes of Health and the International Association for the Study of Pain. All efforts were made to minimize animal suffering and reduce the number of animals used. To minimize intra-and inter-individual variability of behavioral outcome measures, animals were trained for 1-2 days before behavioral testing was performed. The experimenters were blinded to treatment condition during behavioral testing.
Hemorrhage-induced thalamic pain model
The thalamic hemorrhage was conducted based on the previous work done on rats, with some modifications (Kuan et al., 2015) . Briefly, mice were anesthetized using vaporized isoflurane (5% induction, 2% maintenance) and placed in a stereotaxic frame. Under stereotaxic guidance, the animals were microinjected with Coll IV (Sigma-Aldrich Co., St. Louis, MO; 0.01 U/10 nl, dissolved in saline) into the right VPM and VPL of the thalamus (anterior-posterior to bregma −0.82∼− 2.30 mm: lateral to the midline 1.30-1.95 mm posterior, deep to the surface of the skull 3.01-4.25 mm). In the sham groups, 10 nl of sterile saline was injected. The glass micropipette was maintained in the place for 10 min after administration to allow Coll IV dispersed completely. The glass micropipette was slowly pulled out. After microinjection, the surgical field was irrigated with sterile saline and iodophor and closed with wound clips.
Behavioral tests
Mechanical test through the measurement of paw withdrawal frequencies in response to mechanical stimuli was first carried out as described previously . Briefly, mice were placed individually in a plexiglas chamber on an elevated mesh screen and allowed to habituate for 30 min. Two calibrated von Frey filaments (0.07 and 0.4 g, Stoelting Co.) were applied to the hind paw for approximately 1 s. Each filament was applied to the hid paw 10 times with 5 min interval for each side hind paw. The experiments were done on both sides first with the 0.07 g filament and then with the 0.4 g filament. A quick withdrawal of the paw was regarded as a positive response. Paw withdrawal responses to each of these 10 times stimuli were counted as a percent response frequency: [(number of paw withdrawals/10 trials) × 100% = response frequencies].
Heat test through the measurement of paw withdrawal latencies to noxious heat was then performed with a Model 336 Analgesia Meter (IITC Inc. Life Science Instruments. Woodland Hills, CA) as described (Li et al., 2015 Xu et al., 2014; Zhao et al., 2013) . Briefly, mice were placed in a Plexiglas chamber on a glass plate. A beam of light was emitted from the light box and applied on the middle of the plantar surface of each hind paw. A quick lift of the hind paw was regarded as a signal to turn off the light. The length of lighting beam time was defined as the paw withdrawal latency. For each side, five trials with 5-min interval time were carried out. A cutoff time of 20 s was used to avoid tissue damage.
Finally, cold test through the measurement of paw withdrawal latencies to noxious cold (0°C) was carried out using a cold aluminum plate as described (Li et al., 2015 Xu et al., 2014; Zhao et al., 2013) . Briefly, each mouse was placed in a Plexiglas chamber on the plate with continuous temperature monitoring by a thermometer. The length of time between the placement and the sign of mouse jumping was defined as the paw jumping latency. Each trial was repeated three times at 10-min intervals. A cutoff time of 20 s was used to avoid tissue damage.
Locomotor functional tests , including placing, grasping, and righting reflexes, were carried out after the pain behavioral tests described above were completed. For the placing reflex, the hind limbs were placed slightly lower than the forelimbs and the dorsal surfaces of the hind paws were brought into contact with the edge of a table. Then, whether the hind paws were placed on the table surface reflexively was recorded. For the grasping reflex, animals were placed on a wire grid, and then whether the hind paws grasped the wire on was recorded. For the righting reflex, animals were placed on its back on a flat surface, and it was recorded whether mouse could immediately assume the normal upright position. Each trial was repeated five times with 5-min interval and the score for each test was recorded by counting times of each normal reflex.
Histological localization of injection sites
Animals were deeply anesthetized with isoflurane and transcardially perfused with 50-100 ml of 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS, pH 7.4). The brain was removed, postfixed overnight at 4°C, and cryoprotected in 30% sucrose in 0.1 M PBS for two days. The brain was sectioned at the thickness of 30 μm and subjected to cresyl violet (Nissl) staining as described previously (Liaw et al., 2005) with slight modification. Briefly, after being dehydrated, the sections were stained in 0.1% cresyl violet solution at 37°C for 30 min. The sections were then rinsed in distilled water for 2 times and differentiated in 95% ethyl alcohol with 2 drops glacial acetic acid for 15 min. The localization and size of the damage were identified under a light microscope. The lesion areas were analyzed by Image J.
Subcellular fractionation
Subcellular fractionation was carried out as described previously (Park et al., 2009; Tao et al., 2003) . In brief, the tissues from the injected thalamus were homogenized in homogenization buffer containing 250 mM sucrose, 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 1 mM PMSF, 1 mM benzamidine. After the homogenate was centrifuged at 1000 × g for 15 min at 4°C, the supernatant (total soluble fraction) was collected and then centrifuged at 20,000 × g for 20 min at 4°C. The pellet (crude plasma membrane fraction) was collected.
CO-immunoprecipitation (Co-IP) assay
Co-immunoprecipitation was carried out according to the previous protocols (Park et al., 2009; Tao et al., 2003; Zhou et al., 2010) . Briefly, crude plasma membrane fraction was dissolved in chilled lysis buffer A, containing 50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA-Na, 1% NP-40, 0.02% sodium azide, 0.1% SDS, 0.5% sodium deoxycholate, 1% PMSF, and 1% protease inhibitor cocktails. The sample (400 μg) was subjected to immunoprecipitation with 1 μg of rabbit antibodies against PSD-95 (catalog number 2507S, Cell Signaling), or with 1 μg of normal rabbit serum for 3 h at 4°C. Twenty μl of magnetic beads conjugated with protein A (cat. no. 16-661, Millipore Sigma-Aldrich) were then added into each sample before rotating shaker at 4°C for overnight. On the next day, the mixture of magnetic beads and bound immunocomplexes was washed with the buffer containing 0.05 M HEPES, 0.15 M NaCl, and 0.15 M Triton-100 (pH 7.4). The bound immunocomplexes were eluted by heating at 99°C in 1× loading buffer and analyzed through Western blotting assay as described below.
Western blotting assay
Western blotting assay was carried out according to our previously published protocol Zhao et al., 2017) . Briefly, the samples were heated at 99°C for 5 min and loaded onto a 4-20% precast polyacrylamide gel (cat. no. 3450032, Bio-Rad Laboratories). The proteins were then electrophoretically transferred onto a polyvinylidene difluoride membrane (cat. no. #1620175, 0.2 μm, Bio-Rad Laboratories). The membranes were blocked with 3% nonfat milk in Tris-buffered saline containing 0.1% Tween-20 for 2 h and then incubated overnight with the primary antibodies, including rabbit antinNOS (1:400, catalog number 610308, BD Transduction), mouse anti-PSD-95 (1:500, catalog number sc-32290, Santa Cruz Biotechnology), and rabbit anti-GAPDH (1:2,000, catalog number sc-25778, Santa Cruz Biotechnology), respectively. The proteins were detected by goat peroxidase-conjugated anti-mouse (1:3,000, catalog number 115-035-003, Jackson ImmunoResearch) or anti-rabbit secondary antibody (1:3000, catalog number 111-035003, Jackson ImmunoResearch) and visualized by western peroxide reagent and luminol/enhancer reagent (catalog number 170-5060, Clarity Western ECL Substrate, Bio-Rad) and exposure using ChemiDoc XRS System with Image Lab software (BioRad). The intensity of blots was quantified with densitometry using Image Lab software (Bio-Rad).
Single-cell real-time reverse transcription-polymerase chain reaction (RT-PCR)
After the mice were euthanized with isoflurane, the thalamus was harvested in cold neurobasal medium (Gibco/ThermoFisher Scientific) containing 10% fetal bovine serum (JR Scientific, Woodland, CA), 100 units/ml Penicillin, and 100 mg/ml Streptomycin (Quality Biological, Gaithersburg, MD). The thalamus was then treated with enzyme solution containing 0.25% trypsin and 0.05% DNase I in Hanks' balanced salt solution (HBSS) without Ca2 + and Mg2 + (Gibco/ThermoFisher Scientific). After trituration and centrifugation, the dissociated neurons were suspended in the mixed neurobasal medium and then plated on cover glasses coated with 50 mg/ml poly-D-lysine (Sigma) in a six-well plate. Three hours after the neurons were incubated in 95% O 2 and 5% CO 2 at 37°C, under an inverted microscope fit with a micromanipulator and microinjector, a single living thalamic neuron was collected in a PCR tube with 10 μl of cell lysis buffer (Signosis, Sunnyvale, CA). After centrifugation, the supernatants were harvested and divided into two PCR tubes, respectively, for Nos1 (encoding nNOS protein) and Dlg4 (encoding PSD-95 protein) mRNAs. The Nos1 primer sequences were 5′-CACGAGGACATCTTTGGGGT -3' (forward) and 5′-AGGAGCTGAAAA CCTCATCTGT -3' (reverse). The Dlg4 primer sequences were 5′-AGA TCACATTGGAAAGGGGTAA -3' (forward) and 5′-ACCAGGAATGATCT TGGTGAT -3' (reverse). The remaining real-time RT-PCR procedure was carried out based on the manufacturer's instructions with the single-cell real-time RT-PCR as described previously (Zhao et al., 2017) .
Statistical analysis
Animals were distributed into various treatment groups randomly. All results are given as means ± S.E.M. The data were statistically analyzed with one-way ANOVA. Once ANOVA showed a significant difference, pairwise comparisons between means were analyzed by the post hoc Tukey method (SigmaPlot 12.5, San Jose, CA). Significance was set at P < 0.05.
Results
Hemorrhagic area and general behaviors
The hemorrhage area was estimated using serial cross-coronal brain sections 5-7 days after microinjection of Coll IV into the thalamus.
These time points were chosen because pain behavioral responses reached a peak on days 5-7 after microinjection (see below). The hemorrhage was localized predominantly around the VPL and VPM of the thalamus, without extending into the internal capsule ( Fig. 1A and B) . The lesion was seen approximately anterior-posterior to bregma from −1.06 mm to −2.30 mm (Fig. 1A) . The mean lesion size was 0.39 ± 0.07 mm 2 at day 5 after microinjection (n = 6). The number of integral cells in the ipsilateral VPL and VPM was visibly decreased compared to that in the contralateral ones (Fig. 1B) . No bleeding was observed in other brain regions following microinjection of Coll IV at the dose and volume used ( Fig. 1A and B) . As expected, microinjection of saline into thalamus did not show significant bleeding and displayed normal thalamic structure (data not shown). Following microinjection, all mice exhibited normal posture, gait, feeding, and drinking behaviors, without any signs of motor dysfunction during the observational period. Foot droop and autotomy were not seen in any injected mice. Their toes were spread apart when walking and standing. As shown in Supplementary Table 1, the Coll IVinjected mice showed normal placing, grasping and righting reflexes 14 days after microinjection.
Hemorrhage-induced thalamic pain
The hemorrhagic mice displayed robust and long-lasting mechanical allodynia, heat hyperalgesia, and cold allodynia on the contralateral side. Significant increases in paw withdrawal frequencies in response to 0.07 g and 0.4 g von Frey filaments ( Fig. 2A and B) and marked reduction in paw withdrawal latencies to heat (Fig. 2C) and cold (Fig. 2D ) stimuli were seen on the contralateral side after Coll IV microinjection.
These pain hypersensitivities occurred 1 day after microinjection, reached a peak around 5-7 days after microinjection, and persisted for at least 28 days after microinjection ( Fig. 2A and D) . As expected, saline microinjection did not significantly alter basal paw withdrawal frequencies and latencies on the contralateral side ( Fig. 2A and D) . Neither Coll IV nor saline microinjection changed basal paw withdrawal frequencies and latencies on the ipsilateral side ( Supplementary  Figs. 1A-1C) .
Given that previous studies revealed a benefit of gabapentin administration in post-stroke pain in clinic (Attal et al., 1998) , we examined whether gabapentin had the effect on thalamic pain in our mouse model. Gabapentin, at 20 mg/kg, was injected intraperitoneally, respectively, on day 3 and day 14 after Coll IV or saline microinjection. Behavioral tests were carried out one day before Coll IV microinjection and before and 30 min after gabapentin injection on both day 3 and day 14 after Coll IV microinjection. Systemic administration of gabapentin significantly blocked the increases in paw withdrawal frequencies in responses to 0.07 g and 0.4 g von Frey filaments (Fig. 3A and B and Supplementary Figs. 2A-2B ) and rescued the decreases in paw withdrawal latencies to heat ( Fig. 3C and Supplementary Fig. 2C ) and cold ( Fig. 3D and Supplementary 2D ) stimuli on the contralateral side, respectively, on days 3 (Fig. 3A and D ) and 14 ( Supplementary  Figs. 2A-2D) after Coll IV microinjection. Gabapentin at the dosage used did not affect basal paw withdrawal frequencies and latencies on either day 3 or day 14 after saline microinjection (Fig. 3A and D and Supplementary Figs. 2A-2D) . 
Pre-treatment of ZL006 attenuates hemorrhage-induced thalamic pain
We further examined whether systemic pre-administration of ZL006 affected hemorrhage-induced thalamic pain. Three doses (0.5, 3, and 10 mg/kg; dissolved in 5% NaHCO 3 plus 2% Tween-80) of ZL006 as well as vehicle (5% NaHCO 3 plus 2% Tween-80) were intraperitoneally administrated 30 min before Coll IV or saline microinjection (Fig. 4A) . As expected, mechanical allodynia, thermal hyperalgesia, and cold allodynia developed 1, 3, and 5 days post-Coll IV microinjection on the contralateral side of the vehicle plus Coll IV-treated group compared to the vehicle plus saline-treated group ( Fig. 4B and E) . I.p. preadministration of ZL006 at 10 mg/kg significantly attenuated the increases in paw withdrawal frequencies in response to 0.07 g and 0.4 g von Frey filaments (Fig. 4B and C) and the decreases in paw withdrawal latencies to heat (Fig. 4D) and cold (Fig. 4E ) stimuli on days 1, 3, and 5 post-Coll IV microinjection on the contralateral side of the ZL006 plus Coll IV-treated group. These effects were dose-dependent ( Fig. 5A and  D) . ZL006 at these doses used did not alter basal paw withdrawal frequencies and latencies on the ipsilateral side of the ZL006 plus Coll IVtreated group ( Supplementary Figs. 3A-3C and Fig. 4A and C) and on both contralateral ( Fig. 4B and E) and ipsilateral ( Supplementary  Figs. 3A-3C ) sides of the ZL006 plus saline-treated group during the Fig. 2 . Thalamic hemorrhage produces early onset and long-lasting pain hypersensitivities on the contralateral side. The microinjection of collagenase IV (Coll IV), but not saline, into the ventral posterior medial nuclei and ventral posterior lateral nuclei led to the increases in paw withdrawal frequencies in responses to 0.07 g (A) and 0.4 g (B) von Frey filaments and the decreases in paw withdrawal latencies to heat (C) and cold (D) stimuli on the contralateral side. n = 10 mice per group. **P < 0.01 vs the saline-treated group at the corresponding time points. Fig. 3 . Effect of intraperitoneal (i.p.) administration of gabapentin on the hemorrhage-induced thalamic pain in mice. Behavior tests were carried out one day before Coll IV or saline microinjection and before and 30 min after i.p. administration of gabapentin on day 3 after Coll IV or saline microinjection. Gabapentin (20 mg/kg) significantly blocked the Coll IV-induced increases in paw withdrawal frequencies to 0.07 g (A) and 0.4 g (B) von Frey filaments and decreases in paw withdrawal latencies to heat (C) and cold (D) stimuli on the contralateral side on day 3 after Coll IV microinjection. Gabapentin at the dose used did not alter basal responses on day 3 after saline microinjection. n = 10 mice per group. **P < 0.01 vs the corresponding baseline before Coll IV microinjection. # P < 0.05 or ## P < 0.01 vs the corresponding treated group before gabapentin administration.
W. Cai et al. Neuropharmacology 141 (2018) 238-248 Fig . 4 . Effect of systemic pre-administration of ZL006 on the hemorrhage-induced thalamic pain on the contralateral side. ZL006 (10 mg/kg, i.p.) or vehicle was given 30 min before Coll IV or saline microinjection (A). Behavioral tests were carried out one day before Coll IV or saline microinjection and on days 1, 3, and 5 after Coll IV or saline microinjection (A). ZL006, but not vehicle, significantly attenuated the Coll IV-induced increases in paw withdrawal frequencies to 0.07 g (B) and 0.4 G (C) von Frey filaments and reductions in paw withdrawal latencies to heat (D) and cold (E) on days 1, 3 and 5 after Coll IV microinjection on the contralateral side. ZL006 did not alter basal paw withdrawal frequencies and latencies on the contralateral side from the saline-microinjected group (B-E). n = 10 mice per group. **P < 0.01 vs the Coll IV plus vehicle group at the corresponding days. Fig. 5 . Dose-dependent effects of pre-administration of ZL006 on the hemorrhage-induced thalamic pain on the contralateral side. Three doses of ZL006 (0.5, 3, 10 mg/kg; i.p.) or vehicle (ZL006 at 0 mg/kg) were given 30 min before Coll IV or saline microinjection. Behavioral tests were carried out one day before Coll IV or saline microinjection and on days 1, 3, and 5 after Coll IV or saline microinjection. Paw withdrawal frequencies in response to 0.07 g (A) and 0.4 g (B) von Frey filaments and paw withdrawal latency to heat (C) and cold (D) stimuli on the contralateral side. n = 10 mice per group. *P < 0.05 or **P < 0.01 vs the Coll IV plus vehicle group at the corresponding days.
observation period. After behavioral tests, we collected brain tissues and performed the Nissl staining to examine whether the pre-treatment of ZL006 affected the Coll IV-induced thalamic lesion. As expected, numerous Nissl-stained cells were seen in the ipsilateral VPL and VPM of the saline plus vehicle-or ZL006-treated groups, whereas few Nisslstained cells were detected in the ipsilateral VPL and VPM of the Coll IV plus vehicle-treated group (Fig. 6A and B) . Compared with the Coll IV plus vehicle-treated group, the number of Nissl-stained cells was significantly increased in the ipsilateral VPL and VPM of the Coll IV plus ZL006-treated group, although it was still markedly lower than that in the saline plus vehicle-or ZL006-treated group (Fig. 6A and B) . Interestingly, there were no visible differences in the areas of tissue damages between the Coll IV plus vehicle-treated and Coll IV plus ZL006-treated groups (Fig. 6A) .
Post-treatment of ZL006 does not affect hemorrhage-induced thalamic pain
We next asked whether systemic post-administration of ZL006 would alleviate hemorrhage-induced thalamic pain. After mice received i.p. injection with the highest dose of ZL006 (10 mg/kg) as well as vehicle 30 min after Coll IV or saline microinjection, behavior tests were carried out 1, 3, and 5 days after microinjection (Fig. 7A) . Mechanical allodynia, heat hyperalgesia, and cold allodynia were seen in the contralateral side of both Coll IV plus vehicle or ZL006 groups at observed time points (Fig. 7B and E ). There were no marked differences in the Coll IV-induced increases in paw withdrawal frequencies in responses to 0.07 g and 0.4 g stimuli and in the Coll IV-induced decreases in paw withdrawal latencies in responses to heat and cold stimuli between the ZL-006 plus Coll IV-treated group and the vehicle plus Coll IV-treated group at the corresponding time points (Fig. 7B and E) . Consistent with the observation above, neither ZL006 nor vehicle altered basal paw withdrawal frequencies and latencies on the contralateral side after saline microinjection ( Fig. 7B and E) and on the ipsilateral side of all treated groups ( Supplementary Figs. 5A-5C ).
Pre-treatment of ZL006 disrupts the PSD-95-nNOS interaction in thalamic neurons
Finally, we confirmed whether ZL006 produced antinociceptive effect on hemorrhage-induced thalamic pain through disrupting PSD-95/ nNOS protein-protein interaction in thalamic neurons. In the crude plasma membrane fraction from the thalamus, the level of nNOS and the binding density between PSD-95 and nNOS in the Coll IV plus vehicle-treated group were significantly increased by 1.73-fold and 2.03-fold, respectively, compared to those in the saline plus vehicle-treated group (Fig. 8A) . These increases were absent in the ZL006 plus Coll IVtreated group (Fig. 8A) . Basal level of PSD-95 in the crude plasma membrane (Fig. 8A) and total amount of nNOS in whole membrane and cytoplasmic lysis (Fig. 8B ) from the microinjected thalamus of the Coll IV plus vehicle-or ZL006-treated group were not changed compared to the saline plus vehicle-treated group. Single-cell RT-PCR analysis revealed that co-expression of Nos1 mRNA with Dlg4 mRNA in individual thalamic neurons (Fig. 8C ).
Discussion
Thalamic hemorrhage caused by microinjection of Coll IV into the thalamus leads to long-term pain hypersensitivities including Fig. 7 . Effect of systemic post-administration of ZL006 on the hemorrhage-induced thalamic pain on the contralateral side. ZL006 (10 mg/kg, i.p.) or vehicle was given 30 min after Coll IV or saline microinjection (A). Behavioral tests were carried out one day before Coll IV or saline microinjection and on days 1, 3, and 5 after Coll IV or saline microinjection (A). ZL006 did not affect the Coll IV-induced increases in paw withdrawal frequencies to 0.07 g (B) and 0.4 G (C) von Frey filaments and reductions in paw withdrawal latencies to heat (D) and cold (E) on days 1, 3 and 5 after Coll IV microinjection on the contralateral side. ZL006 also did not alter basal paw withdrawal frequencies and latencies on the contralateral side from the saline-microinjected group (B-E). n = 10 mice per group. **P < 0.01 vs the corresponding baseline (one day before Coll IV or saline microinjection). The band densities for the saline plus vehicle-treated groups were set as 100%. The relative densities from the remaining groups were determined by dividing by the optical densities from these groups by the values of the corresponding saline plus vehicle-treated groups. Right: Co-immunoprecipitation (IP) of nNOS and PSD-95 with anti-PSD-95 serum in the crude membrane fraction from the ipsilateral thalamus of the different treated groups indicated. The relative level of nNOS in the saline plus vehicle-treated group was set as 100%. The relative levels of nNOS from the remaining groups were determined by dividing the optical density values from these groups by the value of the saline plus vehicle-treated group after each was normalized to its corresponding PSD-95 density. n = 3 biological repeats (6 mice) per group. **P < 0.01 vs the corresponding saline plus vehicle-treated group. ## P < 0.01 vs the corresponding Coll IV plus vehicle-treated group. (B) The total level of nNOS in the cytosolic and membrane fractions from the ipsilateral thalamus of the different treated groups indicated. n = 3 biological repeats (3 mice) per group. GAPDH was used as a loading control. (C) Co-expression of Nos1 mRNA with Dlg4 mRNA in the individual neurons from mouse thalamus. n = 3 biological repeats (3 mice). mechanical allodynia, thermal hyperalgesia, and cold allodynia in a mouse model, which mimics thalamic pain caused by hemorrhagic stroke in the clinic. Understanding the mechanisms that underlie hemorrhage-induced thalamic pain may allow for the development of a new therapeutic strategy for prevention and/or treatment of this disorder. Despite intensive research into hemorrhage-induced central poststroke pain (including thalamic pain) in the past decades, how exactly central post-stroke pain develops after the stroke is still incomplete. The present study reported that the protein-protein interaction between PSD-95 and nNOS in thalamic neurons was required for the development of hemorrhage-induced thalamic pain. Thus, the PSD-95-nNOS interaction may be a potential target for therapeutic prevention of central post-stroke pain.
Although there is an increasing number of stroke survivors who experience central post-stroke pain (Akyuz and Kuru, 2016; Kumar et al., 2016; Vartiainen et al., 2016) , the animal models used for studying central post-stroke pain (including thalamic pain) have not been well characterized. The animal models used for studying brain ischemia (e.g., middle cerebral artery occlusion) and hemorrhage (e.g., intracerebral hemorrhage) often cause changes in motor function, which significantly affects the evoked behavioral assessments (Akyuz and Kuru, 2016; Vartiainen et al., 2016) . Blasi F et al. injected endothelin 1 (a potent vasoconstrictor) to induce a focal ischemic thalamic infarct, but this injection caused transient ischemia and late-onset (28 days later) minor thermal hyperalgesia (Akyuz and Kuru, 2016; Blasi et al., 2015; Vartiainen et al., 2016 ). It appears that pain behavioral responses in this model do not completely mimic central poststroke pain in ischemic patients. The injection of Coll IV into the VPL of a mouse thalamus or the lateral nucleus and basal complex/posterior nucleus of a rat thalamus produced a long-term hemorrhage-induced central post-stroke pain (Hanada et al., 2014; Kuan et al., 2015; Yang et al., 2014) . However, these injections also produced, to some extent, changes in motor function and/or bilateral pain behavioral alternations (Hanada et al., 2014; Kuan et al., 2015; Yang et al., 2014) . The present study injected a smaller volume and a lower concentration of Coll IV into unilateral VPM and VPL of a mouse thalamus and revealed an early-onset and long-term pain hypersensitivities on the contralateral side without any signs of motor dysfunction. These pain hypersensitivities could be alleviated by systemic administration of gabapentin, a phenomenon that is consistent with the benefit of gabapentin in central post-stroke pain in a clinic (Attal et al., 1998) . The distinct observations between the present study and previous works (Hanada et al., 2014; Kuan et al., 2015; Yang et al., 2014) may be attributed to the differences in the volume and concentration of the injected Coll IV and the injected sites in the thalamus. Our model may be ideal to assess evoked pain hypersensitivities following thalamic hemorrhage.
Several mechanisms that participate in the development of central post-stroke pain have been proposed. Increased synaptic glutamate release and subsequently excessive activation of excitatory postsynaptic glutamate receptors (such as NMDA receptors) and extreme Ca ++ influx into neuronal cells through these receptors in thalamus exacerbated the infarction and were involved in the stroke-related pain and allodynia (Takami et al., 2011) . In another animal study, high doses of ketamine, an NMDA receptor antagonist, alleviated thalamic hemorrhage-induced mechanical allodynia (Castel et al., 2013) . PSD-95 binds to both nNOS and NMDA receptor subunits NR2A and NR2B and is required for excessive NMDA receptor activation-triggered abnormal NO production and subsequent neurotoxicity/brain lesion through excess Ca ++ influx (Aarts et al., 2002; Brenman et al., 1996; Christopherson et al., 1999; Kornau et al., 1995; Sattler et al., 1999; Zhou et al., 2010; Hu et al., 2013; Lin et al., 2018; Luo et al., 2014; Mo et al., 2016; Wu et al., 2014) . The present study demonstrated that systemic pre-administration of ZL006 disrupted the Coll IV-induced increase in the PSD-95-nNOS protein-protein interaction and nNOS membrane translocation in thalamic neurons and prevented Coll IVinduced thalamic lesion, which is consistent with the previous reports that revealed that perturbing PSD-95-nNOS interaction with small molecules (such as ZL006) protected brain neurons from excitotoxicity and ischemic stroke (Hu et al., 2013; Lin et al., 2018; Mo et al., 2016; Wu et al., 2014; Zhou et al., 2010) . More importantly, systemic preadministration of ZL006 attenuated Coll IV-induced mechanical allodynia, heat hyperalgesia, and cold allodynia, suggesting that PSD-95-nNOS protein-protein interaction in thalamic neurons also participates in hemorrhage-induced thalamic pain. This conclusion is strongly supported by previous observations that disrupting the PSD-95-nNOS protein-protein interactions in the spinal cord suppressed the formalininduced second pain behaviors, complete Freund's adjuvant-induced inflammatory pain, and paclitaxel-or chronic constriction injury-induced neuropathic pain (Carey et al., 2017; Florio et al., 2009; Lee et al., 2015) . Our findings suggest that PSD-95-nNOS interaction in thalamic neurons plays a key role in the development of hemorrhageinduced thalamic pain. Unexpectedly, post-administration of ZL006 did not affect thalamic hemorrhage-induced pain hypersensitivities. This suggests that other NMDA receptor/PSD-95/nNOS signaling pathway-independent mechanisms play a critical role in hemorrhage-induced thalamic pain once this pathway is activated. Consistent with this conclusion, prolonged microglia activation helped to maintain central post-stroke pain since microglial inhibition ameliorated stroke-induced pain hypersensitivities (Hanada et al., 2014) . Neuroinflammation caused by chemokines and cytokines was involved in stroke-induced hyperalgesia (Tamiya et al., 2013) . Moreover, thalamic P 2 X 7 receptor directly participated in pain transmission and hypersensitivity under central post-stroke pain conditions, as blocking this receptor during the acute stage of hemorrhage rescued abnormal pain behaviors and neuronal activity in thalamocingulate pathway by reducing reactive microglial/macrophage aggregation and associated inflammatory cytokines (Kuan et al., 2015) . In addition, P 2 X 7 receptor expression was increased in reactive microglia/ macrophages of thalamus 5 weeks post-hemorrhage (Kuan et al., 2015) . Therefore, these NMDA receptor/PSD-95/nNOS independent signals in thalamic neurons likely participate mainly in the maintenance of hemorrhage-induced thalamic pain.
In summary, this study has, for the first time, provided evidence that disrupting the thalamic hemorrhage-induced increase in PSD-95-nNOS protein-protein-interaction through systemic pre-administration of ZL006 was able to alleviate the thalamic hemorrhage-induced pain hypersensitivities without altering basal or acute nociceptive responses and locomotor functions. Given that ZL006 was proven to easily cross the blood-brain barrier and did not alter NMDA receptor functions (Florio et al., 2009; Lee et al., 2015; Zhou et al., 2010) , this drug may serve as a potential therapy for hemorrhage-induced thalamic pain, perhaps without severe side effects.
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